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I. INTRODUCTION
A knowledge based system has been developed to support those designers who are engaged in control rod programming of boiling water reactors (BWRs). Using this system, designer manpower could be cut in half in most cases.
Control rod programming is one task in BWR core management which helps to realize safe and effective burning of nuclear fuel. After the fuel loading pattern of a cycle is fixed by refueling programming, designers are required to prepare an operating plan for the cycle. There are two kinds of plans ; control rod programming to determine control rod patterns during steady state three-dimensional nuclear/thermal-hydraulic core simulation program, known as a core performance evaluation code, to predict power distribution and thermal margins of the nuclear fuel. After generation of initial control rod patterns , they search for locations and depths of the control rods to be used by referring to the calculated results. Much effort has been concentrated on automating the control rod programming. One approach is to utilize a mathematical programming method. Kawai et al.(1) have presented a computer code system OPROD, which uses a method of approximate programming (MAP). To improve the performance of OPROD, Hayase & Motoda(2) have added a MAP preprocessor using a heuristic algorithm, while Tokumasu et al. (3) have introduced a dual feasible direction algorithm . Although OPROD provides optimal control rod patterns in a reasonable computing time, it is so rigidly formulated that even slight modifications of the core design or operation policy may become unacceptable. For example, when a newly designed fuel assembly is loaded and some constraints and performance index have to be modified, various parts of the system are required to be replaced, such as input routine and constraint and performance index calculation routines. As for performance index, the designer sometimes evaluates plural indices, such as shape of power distribution and thermal margin, at the same time. The total performance index is calculated as an weighted average of these indices, and each weighting factor cannot be fixed. Formulation of this situation is not easy by such conventional method as used in OPROD.
Another approach, studied in this paper, attempts to provide a flexible system which can handle above modifications. It is a knowledge based system utilizing a knowledge engineering method(4). In this system, knowledge of designers is transformed into forms of rules and subroutines, and is stored in the knowledge base, which is a detabase of the system. As any modification affects only a few rules, it does not require that the system configuration be changed. Similar systems have been developed for refueling programming of pressurized water reactors (PWRs)(5)(6). Since a core performance evaluation code is used in both of the refueling programming and control rod programming, these systems can be applied to the control rod programming by replacing the knowledge base. But the system studied here has a better capability than these systems during the search for control rod patterns, of reflecting results from a core performance evaluation code. This capability is realized by using newly designed components ; a knowledge base, a working area and an inference engine. To determine the functions and configuration of the knowledge based system, the procedures in control rod programming have been examined. Figures 1 and 2 indicate the current procedures and typical results of the programming.
The procedures are as follows : (1) The designer clarifies the plant specifications, such as the rated thermal power and core flow rate, the numbers of fuel bundles and control rods etc., and the constraints, such as the maximum and minimum core flow rates, the limits of minimum critical power ratio (MCPR) and maximum linear heat generation rate (MLHGR) etc. (2) The operating policy of a cycle is specified.
This can include targeted core average exposure, the combination of control rod sequences, the usage of spectrum shift operation etc. (3) Based on the specifications, constraints and policy, the designer generates an initial operating plan. He specifies the control rod patterns and their adjustment and exchange exposure points (Fig. 2) , utilizing his knowledge of core management. This knowledge includes the effect of control rod depth on the power distribution, the trends in excessive reactivity as a function of exposure, the loss of load factor per each adjustment or exchange of control rod patters etc. (4) The initial operating plan is evaluated by a core performance evaluation code. This code is a three-dimensional nuclear/thermal-hydraulic core simulation program, and calculates power distribution and thermal margins at different core statuses. Each core status is specified by thermal power, core flow rate, control rod pattern, exposure and xenon concentration. To evaluate the operating plan during steady state operation, xenon concentration can be treated as at equilibrium, but either the core flow rate or control rod pattern may have to be adjusted to keep the core criticality, which is evaluated by comparing a calculated eigenvalue to the critical eigenvalue. To get exposure at the present core status, the power distribution trend during the preceding core statuses must be traced. (5) The designer evaluates calculated results ;
i.e. he checks the criticality, thermal margines and power distribution. If the results are satisfactory, the operating plan is accepted and programming is terminated. Otherwise, modifications in the operating plan are made. (6) To modify the operating plan, two options are possible. First the designer tries not to modify the operating policy. Rather he tries to improve the operating plan by changing positions and depths of the control rods in the same sequence, or by adjusting core flow rate, for example, and then he goes back to. (4). If this approach is not successful, he modifies the operating policy. The designer may decrease the target exposure, or change the control rod sequence, and then he goes back to (3). All these modifications are based on the designer's knowledge. This presents a typical planning/designing problem, where a plan or design is optimized using a simulation program. The computer code system OPROD, as explained in Chap. I, is aimed at treating this kind of problem by utilizing the mathematical programming method(1), where the performance index, constraints and control variables have to be defined and the simulation program has to be repeatedly used to search for the optimal directions, But, as described below, it is not easy to define explicitly the above items nor it is easy to use the simulation program many times, because of the nature of the control rod programming.
Features of Control Rod Programming
Control rod programming is marked rather long computing times required by the simulation program or the core performance evaluation code, because the reactor core is divided into about 10,000 nodes, and the coupling effect between nuclear and thermal/hydraulic models must be evaluated by iterative calculations. To complete control rod programming as quickly as possible, it is important to minimize the number of code calculations. Experienced designers utilize their knowledge for this purpose during procedures (3) and (6). In their knowledge, those heuristics that are utilized to judge what position and depth of a control rod can improve the thermal margin and power distribution are included. This judgement can be formed by mathematical programming only with a huge amount of computing time, since the search direction for improvements is given through a sensitivity calculation, where the core performance evaluation code is iteratively used. The computing time can be decreased by preparing results of sensitivity calculations beforehand, and it can be said that the knowledge based system stores these results in the knowledge base.
To complicate this problem even further, once the constraints, such as thermal margin, are satisfied, then the designer tries to keep them as constant as possible throughout the cycle. This means that some constraints have to be included in the performance index too. The performance index also has to consider the shape of the power distribution, which should be as flat as possible. The designer recognizes this shape by pattern recognition, which includes an unquantifiable judgement such as the effect of fuel types on the shape of power distribution and the effect of the power distribution at an exposure point on ones at the following exposure points. Expressing it in the performance index is very difficult. Forced formulation of the performance index may result in loss of some important features, and may inhibit modification flexibility for the operation policy.
Considering these shortcomings in mathematical programming for control rod programming, the application of knowledge engineering techniques is described in the following chapters.
III. KNOWLEDGE BASED SYSTEM
Development Concept
By applying knowledge engineering techniques, an knowledge based system has been developed to support the designer during control rod programming. The following items were considered :
(1) The system consists of two independent parts, which incorporate well-established techniques of knowledge engineering ; in one, knowledge of the designer is stored and in other, the knowledge is referred and inferences are made. With this separation, the system acquires necessary flexibility which allows it to be used in refueling programming only by modifying the knowledge because both control rod programming and refueling programming use the same core performance evaluation code. (2) A planning/designing problem requires frequent interactions between the user (or designer) and the system. Thus, the manmachine interface is very important. Several modifications of the result are required if the evaluation after the core performance calculation is to be satisfied. The convenience of the modifications is very important and they must be supported by the system functions. (3) The core performance evaluation code requires considerable computing time, i.e. a few minutes per case on a main frame computer. This means that the code claculations are suited to batch processing rather than time sharing processing, in which the knowledge based system works. Combination of the system and the code using different processings has to be carefully considered.
System Configuration and Function
The developed knowledge based system is outlined in Fig. 3 . The upper region (surrounded by a chain line) is the system. Here, the 'case data' for the core performance evaluation code are prepared. The case data specify the core status of each calculation and include the thermal power, core flow rate, control rod pattern etc . They are fed into the core performance calculation code, which is included in the lower region. This system for core performance evaluation is used in batch processing, and the calculated results are fed back either directly or indirectly, via the user, to the knowledge based system for case data generation. Direct feedback includes results of quantifiable judgement such as violations of limit values. Indirect feedback is particularly necessary when shape of the power distribution has to be judged. In both direct and indirect feedbacks, rules are provided to modify the exposure points, control rod patterns and so on.
Satisfactory generation and modifications of the case data are very important for efficiency and quality in control rod programming. Support of the knowledge based system is useful for this purpose. The knowledge based system is an expert system(7) having the configuration shown in Fig. 4 . The inference engine is clearly separated from the knowledge base and the subroutines, both of which store the designer's knowledge, to satisfy development concept (1) in Sec. III-1. Each component of the expert system is briefly explained below :
Expert System
(1) Inference Engine The inference engine refers to the knowledge base, makes inferences and stores the results in the working area. It has only a forward chaining mechanism because the planning/designing problem is a sort of synthesis problem, to which backward chaining is not necessary.
Instead of having several inference mechanisms, the inference engine is equipped with three special functions to meet development concept (2). They are dependency directed backtracking, alternative result storing and subroutine calling functions. Their details and usefulness are discussed in Sec. III-4.
(2) Knowledge Base The knowledge base stores the designer's knowledge in the form of 'if-then' type rules. All rules have been collected through interview with experienced designers. Several rules are gathered into a module. Each module has its own name and, as shown in Fig. 5, belongs (4) Working Area The working area stores the results of inference and the specifications of the problem in the form of frame data(9). As shown in Fig. 6 , each frame has slots to store the values. Here, only five frames are displayed which are used in (1) Dependency Directed Backtracking Function The dependency directed backtracking function has two capabilities. The first one is to store the data dependency, as well as the data values, in the working area. The second one is the automatic deletion of the invalid data by referring to the data dependency. Figure 7 outlines the function. In this example rule #L1 is fired first, and the case data a1~c2 are generated using rod patterns A~C. The data dependency (indicated by the arrows) is also stored in the working area. When the constraint violation is found, rod pattern B is changed to D by rule #L2. At this time, case data b1b 3 are deleted automatically because they have lost their origins. This can be done easily by the inference engine by checking the data dependency in the working area. Then, new case data dl d3 can be generated by firing rule #L1 again.
Compared to an ordinary backtracking function(10)~(13), this function which utilizes both rules and inference mechanism is very simple and places no added burden on the computer.
(2) Alternative Result Storing Function The alternative result storing function saves several sets of operation plans in the working area. This function utilizes the 'level' in the frame data, and in different levels the same variable names can be used. Figure 8 gives a typical example of using this function. Here, two sets of case data are stored in the working area by rule #L ; one is with a spectrum shift operation and the other is without it. The spectrum shift operation is intended to provide burnable 239Pu during the first half of the cycle by operating the core with a smaller core flow rate to harden the neutron spectrum. But, this sometimes requires a smaller thermal margin, so that the designer wants to compare load factors with and without spectrum shift operations. With alternative result storing function, the same subroutine which calculates the load factor can be used since all the variable names are the same. (3) Subroutine Calling Function The subroutine calling function permits use of subroutines, or functions, in the premise of the rules.
In Fig. 9 , three functions are called in rule #N. The first one displays a control rod pattern to the user, the second one makes an inquiry about a core location to get the user's input, and the third one executes a numerical computation to evaluate excessive reactivity of the core at an exposure point.
With this function, useful information can be fed into the inference and its efficiency can be increased. 
Results and Discussion
(1) Determination of Exposures for Case Data The first results are obtained from the procedure to set the operating plan. This procedure consists of four steps ; determination of exposures for control rod pattern adjust and exchange, determination of control rod patterns, adjustment of depth of control rods and determination of exposures for case data. Figure 11 shows input and output of the last step in the procedure. The rules, functions and data, introduced in Figs. 5 and 6, are used for this inference. The user has only to input the allowable exposure increment and flow change, and the exposure points for case data are automatically generated, as indicated by circles. These results are used as input data of the core performance evaluation code in the following procedure :
The results are the same as those the designer obtained without this system, as long as the designer is the user. But, the elapsed time to get the results is cut from 8 to 2 h. This increase in efficiency is realized not only by the heuristics in the knowledge base, but also by the subroutines which calculate effective neutron multiplication factor keff and core flow rate as a function of core average exposure.
to the peak location are inserted, and which are far from the peak location are withdrawn (pattern 1) (2) All inserted control rods are withdrawn, and those control rods which are near to the peak location are newly inserted (pattern 2) (3) Shallow rods are inserted near the peak location (pattern 3) The depths of the inserted and withdrawn control rods are estimated using functions for numerical computations to keep the criticality of core. The second results are taken from the modification procedure. Here the user wants to modify the control rod pattern at a specific exposure point, after considering the axial power distribution calculated by the core performance evaluation code. There are four ways to realize this : rod position adjustment, rod number increase, shallow rod insertion, and rod sequence change. Figure 12 shows the input and output of the inference. The peak location appears at the bottom and the highest radial power exists at the location indicated by the asterisk. These input data are given to the knowledge bases system by the user, and the system outputs three alternative control rod patterns. Typical rules to modify the control rod pattern are as follows :
(1) Those inserted control rods which are near All of these patterns are valid ways to improve the bottom peak of the power distribution.
Then, the user uses the core performance evaluation code again to calculate power distributions and selects pattern 2. Figure 13 shows the power distributions at before modification and pattern 2. This optimal pattern is obtained with half the usual iterations.
When violations of constraint occur as well as the bad power distribution, the former ones are improved first. In case that conflicting modifications are necessary to clear various violations and no rule can be found to improve them at once, the change of operating policy is recommended.
This control is specified in the knowledge base. Control rod programming, in which a core performance evaluation code is utilized, was successfully supported by the knowledge based system. With time sharing processing, the system generates case data of the code, then the code is calculated in batch processing. The system modifies the case data by considering the results of the calculation. The calculation and modifications are repeated iteratively until the user (or the designer) is satisfied with the answer.
The knowledge based system consists of a knowledge base to store the designer's knowledge in the form of 'if-then' type rules, subroutines to store the Lisp functions for display, inquiry and numeric calculations, a working area to store the inference results in the frame data, and an inference engine. The inference engine has special functions to meet the special demands of planning/designing problems. The most important one is dependency directed backtracking function, which chooses only invalid data during the modification procedures by referring to the dependency of inference results, and deletes them automatically without using any rules.
The system was applied to an actual BWR plant, in which about 500 rules and 150 subrou• tines were used. The case data was generated in a quarter of the conventional time, and an improv ed axial power distribution was obtained in half (1985) .
